Introduction {#sec1}
============

Magnesium and its alloys have been extensively studied as potential biodegradable metals for bone temporary implants [@bib1], [@bib2], [@bib3], [@bib4], [@bib5]. Despite their proven suitable compatibility to bone tissue [@bib6], [@bib7], [@bib8], the nature of magnesium degradation is associated with hydrogen gas evolution, which forms gas cavities in the surrounding implantation tissue [@bib9], [@bib10]. Overall, magnesium degrades *in vivo* via the corrosion reaction: Mg + 2H~2~O → Mg(OH)~2~ + H~2~, which shows that 1 g of pure magnesium produces about 1 L of hydrogen gas. Once the local hydrogen saturation of blood and tissues are exceeded, diffusion and solubility of hydrogen in local biological tissues are hindered. Hydrogen gas then accumulates in tissue cavities [@bib6], [@bib11]. A study has shown that hydrogen was not the major composition of the gas cavity in mice [@bib10]. Most animal implantation studies on magnesium implants dealt with this subcutaneous gas cavity by puncturing the gas out [@bib6], [@bib12]. However, this procedure may not be applicable for certain internal surgeries such as intraosseous pins and endovascular stents.

A small gas cavity may have little effect on the body system, as this gas is quickly exchanged with the surrounding tissue [@bib10], but the effect of excessive gas cavity is yet to be ascertained as it may be harmful. Excessive hydrogen gas evolution creates pressure that induces some mechanical disturbances of bone regeneration resulting in distinct callus formation [@bib9]. After all, this gas cavity formation was the main reason for which magnesium was abandoned in early usage [@bib3]. Therefore, this study aims to analyse the whole body capacity of rats to relieve hydrogen gas from a magnesium implant and to investigate the effect of hydrogen gas evolution on its mortality. Implants were made from sintered magnesium powders; thereby, their porous structure allows for a fast degradation and excessive hydrogen evolution. Gas cavity formation was observed under radiography and survival rate of the rats was calculated.

Materials and methods {#sec2}
=====================

Porous magnesium implant preparation {#sec2.1}
------------------------------------

Closed-porous pure magnesium implants (diameter 13 mm, thickness 2.5 mm, weight 0.24--0.26 g, porosity \<5%) were prepared via powder sintering process. Commercial purity pure magnesium powders (\< 100 μm) were uniaxially pressed under 13.8 MPa into tablets, and then sintered under argon at 400 °C for 1 hour and cooled to room temperature. The sintered tablets (implants) were sterilised with a hot dry air oven at 160 °C and UV light for 60 minutes prior to implantation. Detailed characterisation and testing of the material were not performed as they are not the focus of this study.

Animal preparation and implantation procedure {#sec2.2}
---------------------------------------------

Twenty adult Sprague-Dawley rats (weight 147 ± 10 g, age 12 weeks) were used in this study with ethical clearance from the Animal Care and Use Ethics Committee of Bogor Agricultural University (ACUC No: 6-2014 IPB). The implant weight accounted for ∼1.7% of the rat\'s weight, which can be considered high. All rats were acclimatized for 2 weeks before the study with oral administration of acclimatization drugs with 10 mg/kg antibiotic (Claneksi, PT. Sanbe Farma, Jakarta, Indonesia) for 5 days, 10 mg/kg anthelmintic (Univerm, VMD, Budapest, Hungary) twice before and after antibiotic administration, and 20 mg/kg antiprozoa (Flagyl, Oubari Pharma, Damascus, Syria) for 5 days. All rats were anesthetised intraperitoneously by using 50 mg/kg of ketamin hydrochloric acid combined with 5 mg/kg of xylazine hydrochloric acid (Ilium, Troy Laboratories, Glendenning, Australia). Right lateral femoral hair were then clipped and desinfected by using 70% alcohol and 10% povidone iodine prior to surgery. The skin was incised and the femoral muscle was retracted until the femur bone reached. The implant was inserted into flatten bone defects drilled at the femur bone on latero-medial region. The sham group was treated with the same surgical procedure but without implantation of magnesium and thus served as the control group. Femoral muscle and skin were then sutured by using 5/0 synthetic absorbable polyglactin suture (Hinglact, HiCare, Kerala, India).

Postimplantation observation and analysis {#sec2.3}
-----------------------------------------

Death of the rats was noted and a survival rate was calculated in term of percent mortality up to Day 18 postimplantation. Body swelling as an indication of gas cavity formation was directly measured by using a calliper for its length in longitudinal and transversal directions (in cm) throughout the implantation period. The gas cavity was also observed by using a portable digital computer radiography (CR7 Vet Digital X-Ray, iM3 Inc., USA) at Day 7 and Day 14 postimplantation. Radiodensity was further analysed with the help of an image analysis software (ImageJ, NIH, USA). Peripheral blood profile was monitored before implantation and at Day 7 postimplantation by collecting 0.5 mL blood sample from the tail venous of each rat and placing in ethylenediaminetetraacetic acid vacutainer for blood parameters analysis. Statistical analysis was done by using a one-way analysis of variance with a post hoc Duncan test using SPSS v.16.0 software (SPSS Inc., USA) at a 95% confidence level. A value of *p* \< 0.05 was considered as statistically significant.

Results {#sec3}
=======

[Figure 1](#fig1){ref-type="fig"} shows the magnesium tablet implantation process, survival rate curves, and gas cavity formation. Gas cavity was rapidly formed around the implantation site and obviously visible. A smooth skin bulging was observed and the skin palpation produced sensation of gas cavity during observation time at Day 7 postimplantation ([Figures 1](#fig1){ref-type="fig"}C and 1D). The number of survived rats was rapidly decreasing with no survival at Day 18 postimplantation.Figure 1(A) Implantation process; (B) survival rate of the group of rats with magnesium implants (*n* = 15) compared with sham group (*n* = 5); (C) gas cavity at the medial area; and (D) subcutaneous opening of the medial area at Day 7 postimplantation. Mg = magnesium.

[Figure 2](#fig2){ref-type="fig"} shows the size of gas cavities and its distribution in different part of the rat\'s body measured throughout the implantation period. The gas cavity size reached its maximum at Day 5 and was decreasing in the following implantation days ([Figure 2](#fig2){ref-type="fig"}A). The gas cavity was spreading from the tight compartment (muscle) to the entire loose compartments (subcutaneous) such as caudal, medial, and lateral zone of the femoral region and then the ventral and dorsal zone of the rat\'s body ([Figure 2](#fig2){ref-type="fig"}B).Figure 2(A) Gas cavity size evolution throughout the implantation period; and (B) gas cavity size at different parts of the rat\'s body. Note: size was approximated by measuring longitudinal and transversal lengths of the gas cavities, and area was calculated by multiplying the measured lengths.

[Figure 3](#fig3){ref-type="fig"} shows radiograms of the gas cavities in the rat\'s body at Day 7 and Day 14 postimplantation, where their size is not different for both periods. The gas cavity appears as black in colour (radiolucent), muscle is seen as more white (radiopaque), and bone is highly radiopaque, as commonly seen [@bib13], while the magnesium implants appears as radiopaque as bone. Spreading of gas cavity from muscular to subcutaneous region is clearly shown in [Figures 3](#fig3){ref-type="fig"}B and 3C. More loose compartments were filled by the gas as implantation time prolonged as observed in the dorsal- and ventral-body regions ([Figure 3](#fig3){ref-type="fig"}D). The gas cavity size was further decreased up to Day 18 due to rupture ([Figure 3](#fig3){ref-type="fig"}E).Figure 3Radiograms of: (A) sham group, and gas cavity in the magnesium implant group at: (B) medial/lateral and cranial of femoral area at Day 7 postimplantation, (C) caudal of femoral area; (D) dorsal body area in lateral view at Day 14 postimplantation, and (E) gas cavity rupture at Day 17 post-implantation. Arrow = outer line of subcutaneous gas cavity; Circle = femur bone; Diamond = subcutaneous gas cavity; Pentagon = muscle; Star = implant; Triangle = intramuscular gas cavity.

[Figure 4](#fig4){ref-type="fig"}, [Figure 5](#fig5){ref-type="fig"} show radiograms and its further analysis of the bone defect of both the magnesium implant group and the sham group. The healing of bone defect is not clearly seen on the sham group compared with magnesium implant group ([Figures 4](#fig4){ref-type="fig"}A--4C). The radiodensity of bone defects in both groups decrease at Day 14 and then slightly increase at Day 17 postimplantation ([Figure 5](#fig5){ref-type="fig"}A), but not statistically significant (*p* \> 0.05). Meanwhile, the healing progress in the magnesium group was well observed from different radiopacities which were higher on Day 14 than Day 7 and Day 17 postimplantation ([Figures 4](#fig4){ref-type="fig"}D--4F). The radiodensity of the bone defect in magnesium group decreased at Day 14 and increased at Day 17 postimplantation ([Figure 5](#fig5){ref-type="fig"}B) with statistical significance (*p* \< 0.05).Figure 4Radiograms of sham group at: (A) Day 7; (B) Day 14; (C) Day 17 postimplantation, and magnesium implant group at: (D) Day 7; (E) Day 14; (F) Day 17 postimplantation. Circle = femur bone; star = implant; triangle = bone defect area.Figure 5Radiodensity analysis of: (A) bone defect; and (B) magnesium implant on different days postimplantation. Note: The same letter above different bars indicates the difference is not significant (*p* \> 0.05). Mg = magnesium.

[Table 1](#tbl1){ref-type="table"} presents a peripheral blood profile of the rats before and after 7 days implantation, where certain blood parameters such as haemoglobin (Hb), packed cell volume (PCV), agranulocyte, granulocyte, lymphocyte, neutrophil, and neutrophil/lymphocyte ratio ratio are significantly different for both groups (*p* \< 0.05). The value of Hb, PCV, agranulocyte, and lymphocyte decreased while only granulocyte increased after 7 days implantation. Meanwhile, there is no different for other parameters such as red blood cells (RBC), mean corpuscular volume, mean corpuscular haemoglobin, mean corpuscular haemoglobin concentration, white blood cells, monocyte, eosinophil, and basophil (*p* \> 0.05).Table 1Peripheral blood profile of rats before and after 7 days implantation.Blood cell parametersPreimplantation7 d postimplantation*p*All groupsControlMg-porousRBC (10^6^ cells/μL)10.3 ± 1.5^a^8.3 ± 1.2^a^7.8 ± 3.1^a^0.122Hb (g/dL)13.6 ± 1.2^b^12.4 ± 1.1^b^9.9 ± 2.3^a^0.004PCV (%)40.8 ± 5.5^b^36.8 ± 1.5^b^26.5 ± 7.2^a^0.002MCV (fL)41.0 ± 5.1^ab^44.9 ± 5.1^b^35.2 ± 6.0^a^0.062MCH (pg)13.6 ± 1.0^a^15.0 ± 1.1^a^13.3 ± 2.5^a^0.240MCHC (%)33.6 ± 4.6^a^33.6 ± 1.9^a^37.7 ± 1.6^a^0.184WBC (10^3^ cells/μL)8.3 ± 2.5^a^7.7 ± 3.9^a^6.3 ± 0.8^a^0.449Agranulocyte (% WBC)87.1 ± 5.3^b^81.5 ± 9.8^b^63.8 ± 13.5^a^0.002 Lymphocyte (% WBC)84.7 ± 5.3^b^79.0 ± 11.2^b^60.0 ± 14.6^a^0.002 Monocyte (% WBC)2.4 ± 1.2^a^2.5 ± 1.7^a^3.8 ± 1.3^a^0.311Granulocyte (% WBC)12.9 ± 5.3^a^18.5 ± 9.8^a^36.3 ± 13.5^b^0.002 Neutrophil (% WBC)12.6 ± 5.2^a^17.3 ± 8.3^a^34.8 ± 13.4^b^0.002 Eosinophil (% WBC)0.3 ± 0.5^a^1.3 ± 1.9^a^1.5 ± 0.6^a^0.127 Basophil (% WBC)NILNILNILNILN/L0.2 ± 0.1^a^0.2 ± 0.1^a^0.6 ± 0.4^b^0.003[^1][^2]

Discussion {#sec4}
==========

Gas cavity was rapidly formed once the implantation procedure was completed, indicating instantaneous reaction of magnesium implant with the body fluid where hydrogen gas is produced. The produced gas was then distending into the surrounding implantation tissues and caused massive soft tissue (muscle and subcutaneous) emphysema. In fact, the gas can be removed easily by using a needle or syringe inserted subcutaneously as commonly practiced [@bib6], [@bib12]. However, that was not performed in this study as we had aimed to observe the effect of gas evolution to the survival rate of the rats. Evidently, it was shown that the rat\'s body tolerance to the gas cavity was compromised resulting into a decrease of its survival rate ([Figure 1](#fig1){ref-type="fig"}). The produced gas throughout the implantation period, as the corrosion reaction of magnesium implant continued, made the gas cavity persistent, distracted muscle tissue, and spread into looser subcutaneous compartments ([Figure 2](#fig2){ref-type="fig"}, [Figure 3](#fig3){ref-type="fig"}) and this was not well tolerated by the rat\'s body system. The massive tissue emphysema caused discomfort to the rats which in turn affected their bioactivity toward activities important for survival, such as getting nutrients. It is known that the body responses systematically to discomfort via disturbances of body fluid and cells expressed by the organs function. Similar subcutaneous emphysema was reported to occur as an adverse effect of carbon dioxides absorption during laparoscopic surgery procedure [@bib14], [@bib15]. A nonextensive subcutaneous emphysema during laparoscopy surgery has obliged patients to take 2--3 days for recovery [@bib14].

Systemic body response, as observed from the changes in peripheral blood parameters ([Table 1](#tbl1){ref-type="table"}), showed a decrease of Hb count and PCV at Day 7 postimplantation. The decrease of RBC is, however, not statistically significant. The decrease of Hb and PCV indicates that presence of hydrogen gas in the surrounding soft tissue influences RBC functionality. The gas cavity induced discomfort and prolonged pain to the rat and influenced food intake, which in turn affected blood cells formation. The hydrogen gas in tissue emphysema influences gas exchange in blood, especially affects Hb [@bib16]. Hydrogen ions have the tendency to diffuse into the blood from the interstitial fluid where Hb in RBC then buffers the ions. The Hb changes its shape after binding to additional hydrogen ions causing oxygen release, then picks up carbon dioxide to be released in the lungs [@bib17]. In tolerable levels, hydrogen gas is fastly exchanged from the cavity into the surrounding tissue [@bib10], [@bib18] and the body is more sensitive to change in hydrogen concentration, estimated 100,000 times, than to change in potassium concentration [@bib19]. The control of hydrogen ion concentration is done within seconds by the buffer systems and within minutes by the excretion of carbon dioxide via expiration in the lungs, then within hours to days by excretion in the kidney, and reabsorption of carbonic acid [@bib16]. However, massive tissue emphysema by hydrogen gas could lead to a severe disturbance of gaseous exchange in the tissue and the blood by appearing highly hydrogen gas for oxygen and carbon-dioxide transportation in the body [@bib20].

Even though magnesium is the second most abundant element in the body and the second most common deficiency, disturbances in high level (hypermagnesemia) within the body are rare [@bib21]. Excess of magnesium is directly excreted through kidney [@bib19] and hypermagnesemia usually only occurs following renal failure. In contrast, hypomagnesemia is more common and the deficiency of magnesium may bring risk to mortality [@bib22]. Magnesium hydroxide produced during degradation of magnesium and is deposited in the surrounding implantation tissue. It has low solubility in water, suggesting it is poorly absorbed in the digestive system [@bib23]. The presence of this degradation product in the tissue triggers the arrival of inflammatory cells such as leukocyte and macrophage ([Table 1](#tbl1){ref-type="table"}). Neutrophil, a part of leukocyte cells, and macrophage cells release acid in form of H~2~O~2~ by respiratory burst which in turn cuts off magnesium hydroxide bonding to be Mg^2+^ ion and H~2~O [@bib24]. However, the number of macrophage and its phagocytic capacity (efficiency) is limited in short period [@bib25]. Therefore, the released Mg^2+^ ion concentration is limited at low level. Furthermore, the gas cavity might also act as barrier for tissue contact between cells and degradation product ([Figure 3](#fig3){ref-type="fig"}). A larger gas cavity creates greater distance for cells contact. Thus, hypomagnesaemia caused by the magnesium implant seems impossible and high mortality of rat in this study can be mostly related to the massive tissue emphysema.

The drilled bone (cortical bone defect) is suitable for bone-implant interface reaction analysis and this defect is able to self-induce bone tissue to heal from injury [@bib26]. The presence of gas cavity influences this bone healing process as shown by more bone callus formed at the peri-magnesium implant ([Figure 4](#fig4){ref-type="fig"}). This gas cavity created a loose tissue compartment causing magnesium tablet to move freely and induce friction at the bone defect surface. This friction induced more callus formation during bone healing process which was not seen on the sham group. An unfixed bone healing (unstable/moving) has been known to induce higher callus formation [@bib26], [@bib27]. The gas cavity that filled muscle at loose peri-implant compartment decreases radiodensity ([Figure 5](#fig5){ref-type="fig"}A). In radiography, the presence of gas creates radiolucent as it has lower density compared with soft- and hard-tissues [@bib13], [@bib28]. The change in radiodensity is a good indication of the biodegradation process of magnesium implants, as also observed for bioactive magnesium--calcium implants [@bib29]. The deposited magnesium hydroxide on the magnesium implant surface and bone defect interface increased the radiodensity at Day 17 postimplantation ([Figure 5](#fig5){ref-type="fig"}B), even though it was decreasing at Day 14 postimplantation due to superimposition of gas with degradation product.

[Table 1](#tbl1){ref-type="table"} also indicates that the rat\'s body cellular immunity was also disturbed by the presence of gas cavity. White blood cells and agranulocyte cells counts were decreased while granulocyte was increased. Granulocyte cells that react rapidly toward foreign body were present at prolonged days due to the incapability of agranulocyte cells to digest the magnesium due to the formed barrier between tissues (cells) and the surface of magnesium by the gas cavity ([Figure 1](#fig1){ref-type="fig"}, [Figure 3](#fig3){ref-type="fig"}). This condition increased the tendency of high cellular stress as expressed by N/L ratio that is three times higher compared to those of control and preimplantation. Higher N/L ratio was also observed for other biodegradable implants, such as iron-bioceramic composite when compared to inert stainless steel implant [@bib30]. Finally, it was shown that fast degradation of porous magnesium implant and high implant-body weight ratio created excessive gas cavity that compromised the normal body capacity to relieve the gas indicating the importance of controlling the degradation rate of magnesium implant as well as keeping a low implant-body weight ratio.

Conclusion {#sec5}
==========

Our work has shown the adverse effect of excessive hydrogen gas evolution to the survival rate of rats implanted with magnesium implants. The gas cavity spreads from muscle to more loose subcutaneous tissue and causes massive subcutaneous emphysema in the rat\'s body. The persistent presence of gas cavity causes prolonged discomfort and disturbs the balance of blood cell parameters which in turn decreases the survival rate. Excessive gas cavity resulted from magnesium implant degradation, therefore, should be seriously taken into consideration for the design of better magnesium implants and for their clinical translation.
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[^1]: ^a,b^ Description: data shown as mean with standard deviation (x ± standard deviation). The same letter in different rows indicates the difference is not significant (*p* \> 0.05).

[^2]: Hb = haemoglobin, L = lymphocyte; MCH = mean corpuscular haemoglobin; MCHC = mean corpuscular haemoglobin concentration; MCV = mean corpuscular volume; N = neutrophil; PCV = packed cell volume; RBC = red blood cells; WBC = white blood cells.
